We demonstrate the active suppression of transmon qubit dephasing induced by dispersive measurement, using parametric amplification and analog feedback. By real-time processing of the homodyne record, the feedback controller reverts the stochastic quantum phase kick imparted by the measurement on the qubit. The feedback operation matches a model of quantum trajectories with measurement efficiencyη ≈ 0.5, consistent with the result obtained by postselection. We overcome the bandwidth limitations of the amplification chain by numerically optimizing the signal processing in the feedback loop and provide a theoretical model explaining the optimization result.
In a quantum measurement, information gain is accompanied by backaction, altering superposition states of the observed system [1] . Tunable strength measurements have been devised to balance the tradeoff between information gain and backaction. These can be realized, for example, by controlling the interaction of the observed qubit with an ancillary qubit, followed by strong measurement of the ancilla [2] [3] [4] . Depending on the choice of ancilla measurement basis, the observed qubit either acquires a stochastic phase kick, or is partially projected towards one of the basis states, in a direction that is determined by the measurement result. Similary, a cavity mode can serve as an ancilla, with the measurement basis set by the detected field quadrature [5] , and a continuous spectrum of measurement results and associated kickbacks [5, 6] .
For an efficient measurement [1] , the correlation between the stochastic evolution of the system, also known as quantum trajectory, and the measurement record of the ancilla can be exploited to undo any unwanted backaction [7, 8] or to reverse the measurement altogether. Probabilistic reversal of measurement backaction has been pursued with superconducting [9] , photonic [10] , and ionic systems [11] . Deterministic reversal, requiring feedback control, has only been demonstrated with ions [12] . Recent improvements in quantum coherence in circuit quantum electrodynamics (cQED) [13] have allowed first demonstrations of feedback control with superconducting qubits. Digital feedback, based on fully projective measurement, enabled on-demand qubit state initialization [14, 15] , deterministic teleportation [16] , and generation of deterministic entanglement by parity * These authors contributed equally to this work. measurement [17] . Analog feedback, instead, is required to counteract the continuous spectrum of measurement kickbacks in a qubit-cavity system. A first implementation of analog feedback relied on continuous monitoring of a driven qubit to stabilize Rabi oscillations [18] .
In this Letter, we demonstrate the real-time reversal of measurement-induced qubit dephasing in cQED, using phase-sensitive parametric amplification [19] and analog feedback control, as proposed in Ref. 20 . The recovery of coherence by feedback is quantitatively consistent with a measurement efficiencyη ≈ 0.5 for the homodyne detection chain, closely matching the result obtained by open-loop postselection. Furthermore, we demonstrate a numerical procedure that finds the optimal weight function for the homodyne signal integration, circumventing the inefficiency arising from the finite detection bandwidth.
We study measurement-induced dephasing of a transmon qubit (transition frequency ω Q /2π = 5.430 GHz) coupled to the fundamental mode of a 3D cavity (frequency f r = 6.5433 GHz, linewidth κ/2π = 1.4 MHz). The qubit-cavity Hamiltonian in the presence of a measurement drive at frequency f m and valid in the dispersive regime of our experiment is [22] :
in a frame rotating at f m , with ∆ r /2π = f r − f m , a (a † ) the photon annihilation (creation) operator, and Z the qubit Pauli z-operator. Above, we have grouped terms to highlight the dependence of the cavity resonance on the qubit state. The transmitted signal is sent to a Josephson parametric amplifier (JPA) operated in phase-sensitive mode [19, 21] . The homodyne signal obtained by demodulation is recorded for post-processing purposes and also sampled by a feedback controller implementing real-time phase correction (discussed further below) [ Fig. 1(a) 
Measurement-induced dephasing and analog feedback scheme. (a) Diagram of the key elements of the experimental setup. Qubit measurement and control drives are coupled to the input port of an asymmetrically coupled 3D cavity (κin/κout ≈ 1/30). The signal emitted at the output port is added to the pump tone, which biases the JPA to a voltage gain G = 16 and a bandwidth κJPA/2π = 5.7 MHz (Fig. S7) . The reflected, amplified signal [19, 21] is directed by a circulator to a semiconductor amplifier (HEMT) at 3 K. At room temperature, the signal is split into two arms, one for data acquisition and another feeding the FPGA-based feedback controller (see Fig. S1 for setup details). (b) Cavity spectroscopy for qubit prepared in |0 and |1 . Measurement pulses are applied at fm (green arrow). (c) Echo sequence, where in the second half a measurement pulse with amplitude˜ m is inserted to study its dephasing effect on the qubit. The second π/2 pulse is compiled into the tomographic rotation R n,ϕ , where R n is either Ry(−π/2), Rx(π/2) or I, and the axis is rotated byφ around z to cancel the deterministic phase shift. (d) Parametric plot of the averaged homodyne response VQ versus VI for measurement phase φ = π/2 and 0, respectively, for qubit in |0 (red) and |1 (blue), with˜ m = 0.4 V. Dashed circle: signal corresponding ton ph = 0.1 intra-cavity average photon. (e) Qubit coherence r ol as a function of˜ m. The best-fit curve gives the lever arm m/˜ m = 2π × 1.2 MHz/V. For˜ m = 0, r ol = r off = 0.79 ± 0.01. choose for f m the average of the cavity frequencies for qubit in |0 (f r ) and |1 (f r +χ/π, with χ/π = −3.2 MHz) [ Fig. 1(b) ].
Applying a measurement pulse entangles the qubit with the cavity field [6, 23] . If the measurement record is disregarded, the absolute qubit coherence r = |ρ 01 | is reduced, where ρ 01 = 0| ρ |1 is the off-diagonal element of the qubit density matrix. We observe this effect by applying a pulsed measurement drive with the qubit ideally starting in the superposition state (|0 + |1 )/ √ 2. The measurement pulse is applied during the second half of an echo sequence [ Fig. 1(c) ], preferred over a Ramsey sequence to reduce the dephasing from mechanisms not inherent to the applied measurement. The pulse envelope has magnitude˜ m and the sign reversed halfway during the total duration of 500 ns. The measured and amplified quadrature of the cavity response is set by the phase φ between the measurement pulse and the JPA pump. In particular, for φ = 0, the averaged homodyne response is equal and opposite for the qubit in |0 and |1 , V I 0 = − V I 1 , whereas for φ = π/2, [24] . The measurement reduces r off , the qubit coherence at the end of the echo sequence for˜ m = 0, to the open-loop coherence r ol . According to theory [25] , r ol = r off exp − t 0
, where α i = a i ∝ m is the complex-valued intra-cavity field for qubit in |i . As expected, we observe a Gaussian decay of r ol as a function of˜ m [ Fig. 1(e) ]. Note that Γ d is independent of φ (data not shown) [26, 27] .
Collecting the field emitted by the cavity during a measurement reveals the quantum trajectory followed by the qubit. The measurement basis and the corresponding kickback on the qubit depend on the choice of φ [26, 27] . The φ-specific backaction becomes evident by conditioning (binning) the tomography results M I on the processed homodyne voltage. As first demonstrated in Ref. 5 , for φ = 0, the measurement discriminates between qubit states and coherence is lost by gradual projection to the north or south pole of the Bloch sphere ( Fig. S3 [24] ). For φ = π/2, the case we focus on here, the measurement does not discriminate between qubit states and the kickback is a stochastic azimuthal phase δϕ (zrotation). According to theory for a detector with infinite bandwidth [20, 26, 28] , this phase depends on the integrated weighted homodyne voltage V int = w(t)V Q (t)dt, with the weight function w(t) ∝ Re [α 0 (t)] / m , as
where ϕ = cV int + ϕ, with c ∝ m and ϕ the deterministic AC-Stark phase shift [25] . Here, η is the quantum efficiency, modeled as losses in the readout chain leading up to the JPA. In our experiment, the zero-average envelope of the measurement pulse, which makes w(t)dt = 0, is chosen to suppress the infiltration of excess low-frequency noise in V int [29] . Furthermore, the integration window extends 6.5/κ = 0.75 µs past the end of the applied measurement pulse [ Fig. 2 (a)] in order to capture the total field emitted by the cavity as it returns to the vacuum state [20] . Binning the tomography results M I on V int reveals the stochastic phase δϕ induced by the mea-
. Rather than relying on the weight function predicted by theory, we numerically optimize w = w opt to maximize the conditioned coherence r =1 h=1 h=0.5 Fig. 3(a) ], VQ is fed to the feedback controller, which calculates Vint using wopt and translates it into δϕ, setting the phase of R n,ϕ . (f) Distribution of δϕ (grey scale) produced by MQ and refocusing by analog feedback (purple). This refocusing increases the unconditioned coherence from r ol = 0.40 to r cl = 0.56. Solid (dashed) circle: r cl corresponding to the model with η = 0.5 (1).
, with r the absolute coherence and C the fraction of counts for the bin centered at V int [24] . From the conditioned coherence, we place a lower bound on η, absorbing signal losses after the JPA and classical processing of V Q in an overall measurement Moving beyond postselection, we now set off to cancel the measurement-induced kickback by employing analog feedback control. In real time, the controller samples V Q , calculates V int using w opt , and adjusts the phase of the tomographic pre-rotation R n,ϕ by δϕ = c fb V int (Figs. S4, S5 [24] ). The optimal choice for the feedback gain (c fb = c opt ) removes all the azimuthal phase dependence on V int [ Fig. 2(e-f) ]. Crucially, r con is unaffected, demonstrating that feedback does not introduce additional errors.
To fully quantify the performance of the active coher- ence recovery, we repeat the experiment in Fig. 2(b) for various measurement-drive amplitudes˜ m and feedback gains c fb [ Fig. 3(a) ]. Whereas the variance of V int is independent of˜ m , as expected, the phase dependence dδϕ/dV int grows linearly with˜ m [26, 28] , requiring the optimum c opt ∝˜ m [ Fig. 3(a) inset] . Following from Eq. (1), the measured r ol (corresponding to c fb = 0), r off (˜ m = 0) and r cl (c fb = c opt ) are related by
We obtain the best-fitη = 0.49 ± 0.01 [ Fig. 3(b) ]. Finally, we investigate the influence of detection settings onη. By adjusting the pump power, we tune the JPA voltage gain G and bandwidth κ JPA , their product being roughly constant at ∼ 90 MHz (Fig. S6) [19, 24] . For each setting, we perform conditional tomography (as in Fig. 2 ) and extractη using Eq. (2). In a first approach, we use the predicted [20, 24, 30] weight function w ∞ ∝ Re [α 0 ] for infinite-bandwidth detection and unit gain [ Fig. 4(a) , dots]. For decreasing gain (G < 10), V Q is not sufficiently amplified above the noise floor of the second amplification stage at 3 K, causingη to plummet. Increasing G overcomes the noise floor at the expense of lowering κ JPA . However, for G > 10, where κ JPA 4κ, the infinite-bandwidth approximation no longer holds, resulting in a lowerη. In a second approach, we run the numerical optimization procedure to determine w opt at each JPA setting (Fig. S6) [24] . In this way, we recoverη ≈ 0.5 even as κ JPA approaches κ. This independence ofη at high G suggests that inefficiency arises from microwave loss between the cavity and the JPA, as assumed by the model. The compensation for finite detection bandwidth is reflected by the change of w opt with κ JPA [Fig. 4(b) ]. For κ JPA κ, w opt closely matches w ∞ . For κ JPA ≈ κ, instead, w opt differs significantly.
To understand how the JPA response impacts w opt , we apply the recent mode-matching theory of Ref. 30 . This theory predicts the optimum weight function w mm ∝ b † out (t)Z , with b † out (t) the operator for the outgoing field after amplification by the JPA [24] .
As shown in the Supplemental Material [24] ,
, where α i,∆ = a ∆ i for qubit in |i , with a ∆ the Fourier component of the intracavity field at detuning ∆ from the pump, G s,∆ the ∆-dependent small-signal gain, and F the Fourier transform. Interestingly, w mm coincides with the expected V I for qubit in |0 , corresponding to the quadrature deamplified by the JPA for φ = π/2. We find a good agreement between the predicted w mm and the experimental w opt [ Fig. 4(b) ].
In conclusion, we demonstrated the suppression of measurement-induced dephasing of a transmon qubit using parametric amplification and analog feedback. Optimal real-time processing of the homodyne signal makes the recovery of coherence independent of detection bandwidth and equal to the maximum achievable with the quantum efficiency ≈ 0.5. We estimate that applying the same feedback scheme to the cavity-assisted parity measurement in the same conditions as Ref. 17 would improve concurrence from the measured 34% to 42%.
Improving quantum efficiency will be essential to fully undo measurement kickback and for protocols, such as qubit-state stabilization [31, 32] and continuous-time error correction [33] , requiring near-perfect correlation between measurement record and kickback. Alternatively, analog feedback schemes that rely on qubit projection can tolerate a lower efficiency, since estimation of the quantum state improves with the measurement strength. Similarly to the first implementations of digital feedback in the solid state [14] [15] [16] [17] , which reached high fidelity in spite of moderate efficiencies, analog feedback using projective measurement offers the capability to create and stabilize entanglement [34, 35] 
DEVICE PARAMETERS
We used the same device as in Ref. 1 . The experimental parameters differ slightly due to a different choice of cavity couplings and aging of the qubit junctions during the thermal cyclings. Throughout the experiment, only the single-junction transmon is used and the double-junction qubit is parked at the 7.689 GHz sweet spot. The copper cavity has fundamental mode f r = 6.5433 GHz and coupling limited linewidth κ/2π = 1.4 MHz, with asymmetric coupling κ out /κ in ≈ 30. The single-junction transmon has transition frequency ω Q /2π = 5.430 GHz, relaxation time T 1 = 27 µs, Ramsey time T * 2 = 5 µs, and echo time T 2,echo = 8 µs. The residual excitation of ∼ 1% is neglected in the analysis.
ANALOG FEEDBACK FOR PHASE CANCELLATION
The analog feedback loop consists of a FPGAbased controller, a voltage-controlled delayed trigger, and an arbitrary waveform generator (Tektronix AWG520). Another arbitrary waveform generator (Tektronix AWG5014) provides all the deterministic qubit control and measurement pulses and synchronizes the feedback-loop components. Measurement pulses, with carrier frequency f m and envelope m (t), are applied to the cavity input. The output signal is amplified and demodulated to produce the homodyne voltage V Q , constituting the input to the feedback loop. The feedback controller digitizes V Q at 100 MSamples/s and 8-bit resolution. The digitized signal is weighed in real time by a sequence w of 7−bit signed integers, generating a running integral over 1.25 µs. The resulting weighted integral V int is multiplied by an integer c fb , setting the analog feedback strength.
Following digital-to-analog conversion, c fb V int provides the input to the delayed trigger. Upon activation by a * These authors contributed equally to this work. marker bit from the AWG5014, this device starts ramping an internal voltage linearly (see Fig. S5 ). A trigger is generated when the running voltage crosses c fb V int . The trigger delay determines the phase correction for the measurement-induced phase shift and is here compiled into the tomographic pulse. This correction is applied by time-shifting the envelope of the tomographic pulse modulating the qubit drive tone. The use of single-sideband modulation translates this delay into a difference δϕ in the rotation axis in R n,ϕ [ Fig. 2(b) ]. The modulation frequency of 30 MHz achieves a phase resolution of ∼ 10 degrees, set by the 1 ns clock of the AWG520. This discretization corresponds to an error of ∼ 0.1% in r cl .
PUMP LEAKAGE SUPPRESSION
To ensure that the qubit does not suffer unintended measurement-induced dephasing when m = 0, the cavity needs to be empty at steady state. This requires cancelling the leakage of the JPA pump towards the cavity. The three circulators between cavity and JPA provide ∼ 70 dB suppression, but additional 20 dB are desirable to prevent unwanted dephasing. To suppress the residual leakage, we supply a continuous-wave tone at f m , by fine-tuning the DC offsets at the corresponding mixer. To calibrate these offsets, we integrate the homodyne voltage before and after applying a π pulse to the qubit. If there are no photons in the cavity, the signal remains unchanged. In the presence of a residual photon population, instead, the transient of the intra-cavity field from the one corresponding to qubit in |0 to the one for |1 produces a variation in the homodyne signal. We optimize the amplitude and phase of the input offset by minimizing the variance of the homodyne voltage over this interval. From the magnitude of the applied offsets, we estimate a pump leakage of ∼ 10 −2 intra-cavity photons without nulling. Although complete cancellation from the cavity input port cannot be achieved, due to the asymmetry in input and output coupling rates, we estimate from Fig. S3(c) of magnitude lower than the steady-state population at m values used in the experiment.
WEIGHT FUNCTION OPTIMIZATION
We obtain the weight function w opt by the following numerical optimization procedure. The results of 200, 000 pairs of experimental homodyne records V Q and tomographic measurements M I for each tomographic pre-rotation [ Fig. 2(d) ] are stored and processed to calculate r con for each w. Fig. S7 depicts the optimization procedure starting from w = 0. The optimization routine randomly selects one of 25 blocks w i (each 50 ns long) of w. Every w i is stepped across 5 values, while keeping the remaining blocks fixed. A quadratic fit of r con selects the optimum w i at each iteration. The optimization over the whole integration window is repeated with increasingly smaller steps for w i . To speed up the optimization procedure for the w opt used in Figs. 2-4 and S2, the optimization starts from w = Re [α 0 ], the expected optimum for a detector with infinite bandwidth [2] and is repeated three times. The final shape is obtained after final linear interpolation between adjacent w i and smoothing by averaging each value w[n] with its nearest neighbors (repeated twice).
MODE-MATCHING THEORY FOR THE OPTIMAL WEIGHT FUNCTION
In order to obtain the maximum correlation between measurement record and qubit state, we here apply the method described in Ref. 3 to derive the state-dependent field propagating in the coax line from the cavity to the JPA, where it is reflected and amplified. Applying a measurement pulse to the cavity, with the qubit in a superposition state, entangles qubit and cavity due to their dispersive interaction [Eq. (1)]. The intra-cavity field mainly exits the output port at a rate κ out ≈ κ. The qubit-cavity interaction is complete when the cavity has returned to the vacuum state, i.e., several cavity decay times 1/κ after the measurement pulse is turned off. The entanglement is now between the qubit and the outgoing field a out in the coax line. Input-output theory [4] connects this field to the incoming field a in and the field a inside the cavity:
Ideally, the incoming field is in the vacuum state |vac . The field a out is the input to the JPA (b in = a out ) and is transformed to the outgoing field b out . A timeindependent field can be defined by integrating the timedependent b out (t):
where w(t) is normalized to preserve the commutation relation B, B † = 1. The joint qubit-field state is
) [4] . Here, β i = B i for qubit in |i and G φ e iφ is the complex-valued amplitude gain of the JPA, for the quadrature with phase φ. In our experiment φ = π/2, resulting in amplification of the Q-quadrature. The entanglement between the field B and the qubit is maximized when the distance |β 0 − β 1 | is largest. This condition is matched for w(t) = w mm (t) = N b † out (t)Z [3] . When the qubit starts in a maximal superposition state, this gives
with the normalization constant
To determine w mm (t) for finite JPA bandwidth we move to the frequency domain, where
with G s,∆ and G i,∆ complex gain factors. Throughout the text, we refer to |G s,0 | as the JPA voltage gain G.
In the small-signal approximation [3] and with the pump resonant with the JPA,
with κ e the extrinsic loss rate of the JPA and
, where G is set by the pump power. For the amplified Q-quadrature (for φ = π/2) the peak gain is
Increasing G reduces the detection bandwidth as κ JPA ≈ κ e /G (Fig. S6) . Combining Eqs. (S1) and (S2), we obtain the expectation values 
